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Abstract
7LFNFHOOOLQHVZHUHXVHGWRPRGHOWKHHIIHFWVRIHQGRV\PELRQWLQIHFWLRQRQSKDJRF\WLFLPPXQH
UHVSRQVHV7KHOLQHVWHVWHGIRUWKHLUDELOLW\WRSKDJRF\WRVHWKH/\PHGLVHDVHVSLURFKHWH Borrelia
burgdorferi 6SLURFKDHWDOHV6SLURFKDHWDFHDHZHUH,6(DQG,'(IURPWKHEODFNOHJJHGWLFN Ixodes
scapularis 6D\$FDUL,[RGLGDHDQG'$(IURPWKH5RFN\0RXQWDLQZRRGWLFN Dermacentor
andersoni 6WLOHV Rickettsia peacockii 5LFNHWWVLDOHV5LFNHWWVLDFHDHDQHQGRV\PELRQWRI D. andersoni
ZDVXVHGDVDUHSUHVHQWDWLYHWLFNHQGRV\PELRQW±RIXQLQIHFWHGRU R. peacockiiLQIHFWHG,'(
DQG'$(FHOOVSKDJRF\WRVHGKHDWNLOOHGERUUHOLDHDQG±RI,'(DQG'$(FHOOV
SKDJRF\WRVHGYLDEOHVSLURFKHWHV,6(FHOOVZHUHSHUPLVVLYHRIVSLURFKHWHVOHVVWKDQRIWKHVHFHOOV
SKDJRF\WRVHGERUUHOLDHDQGVSLURFKHWHVUHPDLQHGDGKHUHQWWRWKHFHOOVVHYHQGD\VDIWHULQRFXODWLRQ
&\WRFKDODVLQ%EORFNHGSKDJRF\WRVLVRINLOOHGDQGYLDEOHERUUHOLDHE\,'(FHOOVDQGSUHYHQWHG
SKDJRF\WRVLVRINLOOHGVSLURFKHWHVE\'$(FHOOVZKHUHDVYLDEOHVSLURFKHWHVVXFFHVVIXOO\LQYDGHG
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7LFNV SURWHFW WKHPVHOYHV DJDLQVW EDFWHULDO
SDWKRJHQV ZLWK FHOOXODU DQG KXPRUDO LPPXQH
UHVSRQVHV WKDW LQFOXGH SKDJRF\WRVLV DQG V\QWKHVLV
RI DQWLPLFURELDO SHSWLGHV 6HYHUDO WLFN WLVVXHV
LQFOXGLQJ FLUFXODWLQJ EORRG FHOOV FDOOHG KHPRF\WHV
DQG WKH PLGJXW UHVSRQG WR EDFWHULD ZLWK
SKDJRF\WRVLV ,PPXQRFRPSHWHQW KHPRF\WHV KDYH
EHHQ UHSRUWHG WR HQJXOI Borrelia burgdorferi 
5LWWLJ HW DO  &ROHPDQ HW DO  -RKQV HW DO
 Micrococcus lysodeikticus .XKQ DQG
+DXJ  Coxiella burnetii %D]OLNRYD HW DO
 DQG IXQJL LQFOXGLQJ Candida haemulonii
/RRVRYD HW DO  0RUHRYHU WKH WLFN PLGJXW
XVHV HQGRF\WRVLV DQG SKDJRF\WRVLV WR LQJHVW
FRPSRQHQWV RI WKH EORRGPHDO 6RQHQVKLQH 
DQG FDQ SKDJRF\WRVH Escherichia coli 0DWVXR HW
DO  VXJJHVWLQJ WKDW WKH PLGJXW LV D
IXQFWLRQDO FRPSRQHQW RI WKH WLFN FHOOXODU LPPXQH
V\VWHP
7LFNV DUH LQIHFWHG ZLWK SDWKRJHQLF DQG
QRQSDWKRJHQLF ULFNHWWVLDOLNH EDFWHULD 1RGD HW DO
 3HUOPDQ HW DO  WKDW PD\ VXSSO\
QXWULHQWV WR WKH WLFN +RWRSS HW DO 
)RUWXLWRXV LQWUDKHPRFRHOLF EDFWHULDO
FRQWDPLQDQWV DUH UDUH LQ WLFNV 0XQGHUORK DQG
.XUWWL  FRQVHTXHQWO\ WKH EDFWHULD SUHVHQW
LQWHUQDOO\ LQ WLFNV PD\ KDYH DGDSWHG WR DYRLG WKH
WLFN LPPXQH V\VWHP DQG FRXOG SRWHQWLDOO\ EH
LQIHFWLRXV WR YHUWHEUDWH KRVWV *LYHQ WKLV LW KDV
EHHQ VXJJHVWHG WKDW WKH WLFN LPPXQH V\VWHP KDV D
UROH LQ GHWHUPLQLQJ WKH DELOLW\ RI WLFNV WR WUDQVPLW
SDWKRJHQLF EDFWHULD WR YHUWHEUDWHV -RKQV HW DO
 8QIRUWXQDWHO\ OLWWOH LV NQRZQ KRZ
HQGRV\PELRQWV LPSDFW WLFN SK\VLRORJ\ DQG
LQWHUDFWLRQV EHWZHHQ WKH WLFN LPPXQH V\VWHP DQG
HQGRV\PELRWLF EDFWHULD UHPDLQ WR EH
FKDUDFWHUL]HG
:H XVHG WLFN FHOO FXOWXUH WR PRGHO WKH HIIHFW RI
HQGRV\PELRQWV RQ WKH SKDJRF\WLF UHVSRQVH RI WLFN
FHOOV XVLQJ WKH /\PH GLVHDVH VSLURFKHWH Borrelia
burgdorferi 6SLURFKDHWDOHV 6SLURFKDHWDFHDH D
WLFNWUDQVPLWWHG EDFWHULXP DV WKH WDUJHW RI
SKDJRF\WRVLV (QGRV\PELRQWV RI Ixodes
scapularis ZHUH QRW DYDLODEOH DQG VR Rickettsia
peacockii 5LFNHWWVLDOHV 5LFNHWWVLDFHDH D
QRQSDWKRJHQLF EDFWHULXP IURP WKH 5RFN\
0RXQWDLQ ZRRG WLFN Dermacentor andersoni
6WLOHV $FDUL ,[RGLGDH 1LHE\OVNL HW DO  ZDV
XVHG DV D UHSUHVHQWDWLYH WLFN HQGRV\PELRQW
$GGLWLRQDOO\ FHOOXODU IDFWRUV LQIOXHQFLQJ YHFWRU
FRPSHWHQF\ ZHUH H[DPLQHG E\ FRPSDULQJ WKH
UHVSRQVHV RI WZR FHOO OLQHV IURP WKH EODFNOHJJHG
WLFN Ixodes scapularis 6D\ $FDUL ,[RGLGDH WKH
QRUPDO YHFWRU RI B. burgdorferi ZLWK D OLQH IURP
D. andersoni D WLFN QRW NQRZQ WR YHFWRU B.
burgdorferi 'RODQ HW DO  7KH I. scapularis
,6( OLQH GLG QRW SKDJRF\WRVH ERUUHOLDH DQG WKH
VSLURFKHWHV VXUYLYHG DQG ZHUH DEOH WR PXOWLSO\ ,Q
FRQWUDVW WKH I. scapularis OLQH ,'( DQG D.
andersoni OLQH '$( ZHUH SKDJRF\WLF DQG NLOOHG
ERUUHOLDH LQ SKDJRO\VRVRPHOLNH FRPSDUWPHQWV
&HOOXODU PRWLOLW\ ZKLFK ZDV JUHDWHVW LQ WKH '$(
OLQH ZDV DQ LPSRUWDQW IDFWRU GHWHUPLQLQJ WKH UDWH
DW ZKLFK WKHVH FHOO OLQHV HOLPLQDWHG VSLURFKHWHV
:H LQWHUSUHW WKHVH UHVXOWV WR LQGLFDWH WKDW
GLIIHUHQFHV LQ WKH UHVSRQVLYHQHVV RI WLVVXHV
LQYROYHG LQ FHOOXODU LPPXQH UHVSRQVHV PD\ EH D
GHWHUPLQDQW RI YHFWRU FRPSHWHQF\ LQ WLFNV R.
peacockii LQIHFWLRQ PLQLPDOO\ LQKLELWHG
SKDJRF\WRVLV RI YLDEOH VSLURFKHWHV E\ '$( FHOOV
EXW QRW E\ ,'( FHOOV 0RUHRYHU LQIHFWLRQ GLG
QRW PRGLI\ HOLPLQDWLRQ RI DGKHUHQW ERUUHOLDH RU
GHJUDGDWLRQ RI SKDJRF\WRVHG ERUUHOLDH E\ '$(
RU ,'( FHOOV 7KHVH UHVXOWV VXJJHVW WKDW LQIHFWLRQ
ZLWK ULFNHWWVLDOLNH HQGRV\PELRQWV LV XQOLNHO\ WR
LQWHUIHUH ZLWK WKH DELOLW\ RI WLFN FHOOV WR
SKDJRF\WRVHDQGNLOOEDFWHULD
Materials and Methods
Spirochete culture and labeling
/RZ SDVVDJH B. burgdorferi LVRODWH -017 .XUWWL
HW DO  DQG .6 %DEE HW DO  D
*)3H[SUHVVLQJ VWUDLQ RI WKH B. burgdorferi
LVRODWH % ZHUH JURZQ LQ
%DUERXU6WRHQQHU.HOO\ PHGLXP %DUERXU 
VXSSOHPHQWHG ZLWK  KHDWLQDFWLYDWHG UDEELW
VHUXP *LEFR ZZZOLIHWHFKFRP DQG  JHODWLQ
'LIFR ZZZYRLJWJOREDOFRP',)&2KWP
&XOWXUHV ZHUH PDLQWDLQHG DW & DQG SDVVDJHG
GXULQJ PLGORJ JURZWK SKDVH E\ GLOXWLQJ  PO RI
VSLURFKHWHFRQWDLQLQJ PHGLXP LQWR  PO RI IUHVK
PHGLXP -017 ERUUHOLDH ZHUH FHQWULIXJHG DW
 [ J IRU  PLQXWHV DQG WKH SHOOHW ZDVKHG
RQFH ZLWK +DQN¶V EDODQFHG VDOLQH VROXWLRQ
,QYLWURJHQ ZZZLQYLWURJHQFRP 6SLURFKHWHV
ZHUH NLOOHG E\ UHVXVSHQGLQJ WKH SHOOHW LQ  PO RI
+DQNV¶ VROXWLRQ SUHKHDWHG WR & DQG
LQFXEDWHG DW & IRU  PLQXWHV /RVV RI YLDELOLW\
ZDV FRQILUPHG ZLWK WKH %DF/LJKW %DFWHULDO
/LYH'HDG NLW 0ROHFXODU 3UREHV
ZZZSUREHVFRP +HDWNLOOHG EDFWHULD ZHUH
ODEHOHG ZLWK D  PJPO VROXWLRQ RI IOXRUHVFHLQ
LVRWKLRF\DQDWH LVRPHU , ),7& 6LJPD
ZZZVLJPDDOGULFKFRP LQ +DQNV¶ VDOLQH IRU 
PLQXWHV RQ D URFNLQJ SODWH DW URRP WHPSHUDWXUH
%DFWHULD ZHUH FHQWULIXJHG DW  [ J IRU 
PLQXWHV DQG WKH SHOOHW ZDVKHG VHYHUDO WLPHV LQ
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH +DQNV¶ VDOLQH WR UHPRYH XQERXQG ),7& +HDW
NLOOHG ),7&ODEHOHG B. burgdorferi KN),7&%E
ZHUH H[DPLQHG E\ IOXRUHVFHQFH PLFURVFRS\ WR
HQVXUH DGHTXDWH ODEHOLQJ DQG PDLQWHQDQFH RI
QRUPDO VSLURFKHWDO PRUSKRORJ\ +N),7&%E ZHUH
FRXQWHG E\ GLOXWLQJ ƫO EDFWHULDO VWRFN LQWR  ƫO
9HFWD6KLHOG PRXQWLQJ PHGLXP FRQWDLQLQJ
ᓉ'LDPLGLQRSKHQ\OLQGROH
'$3,9HFWD6KLHOG 9HFWRU /DERUDWRULHV
ZZZYHFWRUODEVFRP DQG FRXQWHG ZLWK D
3HWURII+DXVHU KHPRF\WRPHWHU XQGHU
HSLIOXRUHVFHQFH %DFWHULDO VWRFNV ZHUH NHSW LQ WKH
GDUNDW&XQWLOXVHG
Tick cell culture
7KH I. scapularis OLQHV ,'( 0XQGHUORK HW DO
 ,6( 2ERQ\R HW DO  DQG WKH D.
andersoni OLQH '$( .XUWWL HW DO  ZHUH
JURZQ LQ  FP &HOO6WDU WLVVXH FXOWXUH IODVNV
*UHLQHU %LR2QH ,QF ZZZJERFRP FRQWDLQLQJ
 PO /% 0XQGHUORK DQG .XUWWL 
VXSSOHPHQWHG ZLWK  IHWDO ERYLQH VHUXP 
WU\SWRVH SKRVSKDWH EURWK %HFWRQ 'LFNLQVRQ
ZZZEGFRP DQG  FKROHVWHURO FRQFHQWUDWH
03 %LRPHGLFDOV ZZZPSELRFRP &XOWXUHV
ZHUH PDLQWDLQHG DW & DQG IHG IUHVK PHGLXP
ZHHNO\ &XOWXUHV FKDOOHQJHG ZLWK ERUUHOLDH ZHUH
IHG PHGLXP VXSSOHPHQWHG ZLWK 
%DUERXU6WRHQQHU.HOO\ PHGLXP WR DFFRPPRGDWH
VSLURFKHWH QXWULWLYH UHTXLUHPHQWV 1HJDWLYH
HIIHFWV RQ WLFN FHOOV ZHUH QRW REVHUYHG LQ FXOWXUHV
PDLQWDLQHG RQ WKLV PHGLXP &XOWXUHV ZHUH
LQIHFWHG ZLWK KRVWFHOO IUHH SUHSDUDWLRQV RI R.
peacockii PDGH E\ ILOWHULQJ PHGLXP IURP KHDYLO\
LQIHFWHG ,6( FXOWXUHV FRQWDLQLQJ FHOOIUHH
ULFNHWWVLDH WKURXJK D  ƫP V\ULQJH ILOWHU
0LOOH[69 0LOOLSRUH ZZZZDWHUVFRP DQG
DGGLQJ WKH ULFNHWWVLDH WR HVWDEOLVKHG FXOWXUHV 7KH
LQIHFWLRQ VWDWXV RI FXOWXUHV ZDV PRQLWRUHG E\
FRPSDULQJ WKH SURSRUWLRQ RI LQIHFWHG WR
XQLQIHFWHG FHOOV LQ *LHPVDVWDLQHG &\WRVSLQ
SUHSDUDWLRQV6KDQGRQZZZWKHUPRFRP
)RU SODWHEDVHG DVVD\V WLFN FHOOV ZHUH
UHVXVSHQGHG LQ IUHVK FXOWXUH PHGLXP FRXQWHG
ZLWK D KHPRF\WRPHWHU DQG DGMXVWHG WR D GHQVLW\
RI [ FHOOVPO  PO RI FHOO VXVSHQVLRQ [
FHOOV ZDV VHHGHG LQWR D VWHULOH  ZHOO WLVVXH
FXOWXUH SODWH &RUQLQJ
ZZZFRUQLQJFRPOLIHVFLHQFHV FRQWDLQLQJ VWHULOH
 PP GLDPHWHU FLUFXODU JODVV FRYHUVOLSV
(OHFWURQ 0LFURVFRS\ 6HUYLFHV ZZZVSLFRP
DQG JLYHQ  GD\V WR DGKHUH DQG UHFRYHU IURP
VXEFXOWXULQJDW&EHIRUHEDFWHULDOFKDOOHQJH
Phagocytosis assay with hkFITC-Bb
&HOO OD\HUV LQ  ZHOO WLVVXH FXOWXUH SODWHV ZHUH
H[DPLQHG E\ SKDVH FRQWUDVW PLFURVFRS\ EHIRUH
DVVD\ WR HQVXUH WKH FHOOV ZHUH DGKHUHQW DQG KDG
QRUPDO PRUSKRORJ\ 2OG PHGLXP ZDV UHPRYHG
DQG KDOI WKH ZHOOV ZHUH ILOOHG ZLWK  PO RI IUHVK
PHGLXP 7KH RWKHU KDOI ZHUH ILOOHG ZLWK  PO
PHGLXP FRQWDLQLQJ  ƫJPO F\WRFKDODVLQ % &%
6LJPD DQG LQFXEDWHG IRU  PLQXWHV DW & &%
GHSRO\PHUL]HV DFWLQ FDXVLQJ GLVWLQFW
PRUSKRORJLFDO FKDQJHV LQFOXGLQJ ORVV RI
SVHXGRSRGLD &XOWXUHV ZHUH H[DPLQHG E\ SKDVH
FRQWUDVW PLFURVFRS\ SULRU WR FKDOOHQJH WR HQVXUH
FHOO PRUSKRORJ\ ZDV DOWHUHG DQG WKH FHOOV KDG WKH
SKHQRW\SH LQGLFDWLYH RI DFWLQ GHSRO\PHUL]DWLRQ
/LYH -017 ERUUHOLDH DQG KN),7&%E ZHUH
FRXQWHG FHQWULIXJHG DW  [ J IRU  PLQXWHV
DQG UHVXVSHQGHG LQ IUHVK /% DW [
VSLURFKHWHVPO DQG HDFK ZHOO JLYHQ  PO IRU D
PXOWLSOLFLW\ RI LQIHFWLRQ RI  EDFWHULDFHOO 3ODWHV
ZHUH LQFXEDWHG RYHUQLJKW DW & &XOWXUH
PHGLXP ZDV UHPRYHG DQG FRYHUVOLSV ZHUH ZDVKHG
ZLWK 3%6 WR UHPRYH XQERXQG VSLURFKHWHV &HOO
OD\HUV ZHUH IL[HG ZLWK D  PLQXWH LQFXEDWLRQ LQ
 SDUDIRUPDOGHK\GH (0' &KHPLFDOV ,QF
ZZZHPGFKHPLFDOVFRP LQ 3%6 ZDVKHG RQFH
ZLWK 3%6 DQG FRXQWHUVWDLQHG ZLWK  ƫ0 (YDQ¶V
EOXH (% 6LJPD LQ 3%6 IRU  PLQXWHV ([FHVV
VWDLQ ZDV UHPRYHG ZLWK WZR ZDVKHV RI 3%6 DQG
WKH FRYHUVOLSV ZHUH UHPRYHG DQG EULHIO\ DLU GULHG
&RYHUVOLSV ZHUH PRXQWHG RQ VOLGHV ZLWK  ƫO
'$3,9HFWD6KLHOG 6OLGHV ZHUH YLHZHG ZLWK D
1LNRQ (FOLSVH ( IOXRUHVFHQFH PLFURVFRSH
1LNRQ ZZZQLNRQFRP XVLQJ ILOWHU VHWV IRU
),7& '$3, DQG 7H[DV 5HG),7& 'LJLWDO LPDJHV
ZHUH DFTXLUHG ZLWK D '0; GLJLWDO FDPHUD
1LNRQ DQG RQH LPDJH DFTXLUHG IRU HDFK ILOWHU
VHW 'DWD UHSUHVHQW WKH PHDQ  VWDQGDUG GHYLDWLRQ
RIWKUHHLQGHSHQGHQWH[SHULPHQWV
Phagocytosis assay for viable JMNT
borreliae
&HOO OD\HUV WR EH FKDOOHQJHG ZLWK OLYH ERUUHOLDH
ZHUH HVWDEOLVKHG RQ WKH VDPH SODWH DV FHOOV WR EH
FKDOOHQJHG ZLWK KN),7&%E &HOOV ZHUH WUHDWHG
DQG ZDVKHG DV SUHYLRXVO\ GHVFULEHG &RYHUVOLSV
ZHUH OHIW LQ WKH ZHOOV DQG IL[HG WKHQ LQFXEDWHG IRU
 KRXU LQ  ERYLQH VHUXP DOEXPLQ LQ 3%6
%6$3%6 DW URRP WHPSHUDWXUH %6$3%6 ZDV
UHPRYHG DQG UHSODFHG ZLWK D  GLOXWLRQ RI
%DF7UDFH DQWLB. burgdorferi ),7&FRQMXJDWHG
SRO\FORQDO DQWLERG\ .3/ ZZZNSOFRP DQG
LQFXEDWHG IRU  PLQXWHV DW & 8QERXQG
DQWLERG\ ZDV UHPRYHG E\ WZR ZDVKHV ZLWK 3%6
&RYHUVOLSV ZHUH IL[HG IRU  PLQ LQ DEVROXWH
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH PHWKDQRO UHPRYHG DQG EULHIO\ DLU GULHG EHIRUH
EHLQJ PRXQWHG RQ VOLGHV ZLWK '$3,9HFWD6KLHOG
&HOOV ZHUH H[DPLQHG E\ IOXRUHVFHQFH PLFURVFRS\
DQG GHWHUPLQHG WR EH SKDJRF\WLF ZKHQ WKH\
FRQWDLQHG XQLIRUPO\ FRLOHG '$3,VWDLQHG
ERUUHOLDH ZLWKLQ WKH ERUGHUV RI WKH FHOO 5LFNHWWVLDO
LQIHFWLRQ ZDV FRQILUPHG E\ YLHZLQJ WKH
'$3,VWDLQHG VWDLQHG FHOOV $W OHDVW  FHOOV SHU
FRYHUVOLS ZHUH FRXQWHG DQG WKUHH UHSOLFDWHV SHU
WUHDWPHQW ZHUH HYDOXDWHG IRU DW OHDVW 
FHOOVH[SHULPHQW 'DWD DUH H[SUHVVHG DV WKH PHDQ
RI WKUHH H[SHULPHQWV 6WDWLVWLFDO DQDO\VLV ZDV GRQH
XVLQJ 6LJPD6WDW VRIWZDUH 6\VWDW 6RIWZDUH ,QF
ZZZV\VWDWFRP
Time lapse fluorescence microscopy and
localization of ingested borrelia to
lysosomes
&HOOV ZHUH VHHGHG LQWR *ODVV %RWWRP 0LFURZHOO
'LVKHV 0DW7HN &RUSRUDWLRQ ZZZJODVV
ERWWRPGLVKHVFRP DQG DOORZHG WR JURZ  GD\V
EHIRUH EHLQJ FKDOOHQJHG ZLWK .6 ERUUHOLD
&XOWXUHV ZHUH VWDLQHG ZLWK  Q0 /\VR7UDFNHU
5HG '1' /75 0ROHFXODU 3UREHV
ZZZSUREHVFRP D FHOO SHUPHDQW VWDLQ WKDW LV
SURWRQDWHG LQ DQ DFLGLF FRPSDUWPHQW EHFRPLQJ
IOXRUHVFHQW DQG PHPEUDQH LPSHUPHDQW <HXQJ HW
DO  WR IXUWKHU FKDUDFWHUL]H WKH FRQGLWLRQV
WKDW VSLURFKHWHV ZHUH H[SRVHG WR IROORZLQJ
SKDJRF\WRVLV &HOO OD\HUV ZHUH ZDVKHG ZLWK 3%6
DQG LQFXEDWHG ZLWK  Q0 /75 IRU  PLQXWHV DW
& WR YLVXDOL]H O\VRVRPHV &HOO OD\HUV ZHUH
ZDVKHG WZLFH ZLWK 3%6 WR UHPRYH H[WUD VWDLQ
ERUUHOLDH ZHUH DGGHG PXOWLSOLFLW\ RI LQIHFWLRQ  
 DQG LQFXEDWHG  PLQXWHV DW & WR DOORZ
ERUUHOLDH WR VHWWOH RQWR WKH FHOOV 7LPH ODSVH
IOXRUHVFHQFH PLFURVFRS\ ZDV GRQH RQ D 1LNRQ
7(8 PLFURVFRSH XVLQJ DQ RLO LPPHUVLRQ
[ REMHFWLYH =VHULHV RI JUHHQ DQG UHG
IOXRUHVFHQW LPDJHV ZDV WDNHQ HYHU\ V IRU 
PLQXWHV IRU '$( FHOOV RU  PLQXWHV IRU ,'(
FHOOV ,PDJHV ZHUH DFTXLUHG DQG DVVHPEOHG XVLQJ
0HWD0RUSK VRIWZDUH 0ROHFXODU 'HYLFHV
ZZZPROHFXODUGHYLFHVFRP 2YHUQLJKW
LQFXEDWLRQ ZDV SHUIRUPHG WR H[DPLQH WKH IDWH RI
SKDJRF\WRVHG VSLURFKHWHV DQG DFLGLILHG RUJDQHOOHV
ZHUH VWDLQHG ZLWK /75 DQG YLVXDOL]HG E\
IOXRUHVFHQFH PLFURVFRS\ ZLWK ILOWHUV IRU 7H[DV
5HG),7& DQG '$3, 7LFN FHOOV ZHUH LQFXEDWHG
RYHUQLJKW ZLWK .6 ERUUHOLDH DV SUHYLRXVO\
GHVFULEHG IRU WKH OLYH ERUUHOLDH SKDJRF\WRVLV
DVVD\V &HOOV ZHUH ZDVKHG ZLWK 3%6 DQG
LQFXEDWHG ZLWK  Q0 /75 LQ 3%6 DW & IRU 
PLQXWHV &HOOV ZHUH ZDVKHG  WLPHV ZLWK 3%6 DQG
IL[HG IRU  PLQXWHV LQ  SDUDIRUPDOGHK\GH
(06 &RYHUVOLSV ZHUH ZDVKHG ZLWK 3%6 DQG
PRXQWHG RQ VOLGHV DV SUHYLRXVO\ GHVFULEHG /75
VWDLQLQJ ZDV FRQILUPHG ZLWK /\VR7UDFNHU *UHHQ
0ROHFXODU3UREHVXVLQJWKHVDPHSURFHGXUH
Measuring loss of viability with
GFP-expressing borreliae
&HOOV ZHUH JURZQ DV SUHYLRXVO\ GHVFULEHG IRU OLYH
-017 ERUUHOLDH SKDJRF\WRVLV DVVD\V 3URORQJHG
LQFXEDWLRQ ZLWK &% FDXVHG FHOO OD\HUV OLIW RII WKH
VXEVWUDWH DQG ZDV QRW XVHG LQ WKHVH H[SHULPHQWV
9LDEOH .6 ERUUHOLDH ZHUH DGGHG WR WKH FHOOV DQG
LQFXEDWHG IRU    DQG  GD\V &HOOV DQG
ERUUHOLDH ZHUH IL[HG DQG FRXQWHUVWDLQHG DV
GHVFULEHG IRU WKH KN),7&%E SKDJRF\WRVLV DVVD\
&HOO OD\HUV ZHUH H[DPLQHG DW  [ PDJQLILFDWLRQ
DQG IRXU IDFWRUV ZHUH DVVHVVHG SHU ILHOG WRWDO
QXPEHU RI FHOOV FHOOV FRQWDLQLQJ FRLOHG
VSLURFKHWHV FHOOV FRQWDLQLQJ FRLOHG VSLURFKHWHV
ZLWK UHVLGXDO *)3 H[SUHVVLRQ DQG FHOOV KDYLQJ
PRUSKRORJLFDOO\ QRUPDO DGKHUHQW *)3SRVLWLYH
.6 ERUUHOLDH $W OHDVW  FHOOV ZHUH HYDOXDWHG
SHU FRYHUVOLS ZLWK FRYHUVOLSV H[DPLQHG IURP
WKUHH UHSOLFDWH ZHOOV SHU WLPH SRLQW 'DWD DUH
H[SUHVVHG DV WKH PHDQ SHUFHQW FHOOV  VWDQGDUG
GHYLDWLRQRIWKUHHUHSOLFDWHH[SHULPHQWV
Results
Infection of I. scapularis and D. andersoni
cell lines with R. peacockii
7KH FHOO OLQHV ZHUH XVHG WR PRGHO WLFN WLVVXHV DQG
ZHUH PRUSKRORJLFDOO\ GLVWLQFW IURP HDFK RWKHU
7KH '$( OLQH ZDV FRPSRVHG PRVWO\ RI URXQGHG
FHOOV EXW DOVR FRQWDLQHG IODWWHQHG
PDFURSKDJHOLNH FHOOV ,'( FXOWXUHV ZHUH
KHWHURJHQHRXV SRSXODWLRQV RI URXQGHG FHOOV FHOOV
KDYLQJ QXPHURXV ILOLSRGLD DQG IODWWHQHG
PDFURSKDJHOLNH FHOOV 7KH PRUSKRORJLHV RI FHOOV
LQ WKH ,6( OLQH ZHUH PRUH XQLIRUP ZLWK WKH
PDMRULW\ RI FHOOV KDYLQJ QHXURQOLNH DSSHDUDQFHV
ZLWKILQHO\EUDQFKLQJSVHXGRSRGLD
'LIIHUHQW UHVSRQVHV WR LQIHFWLRQ E\ R. peacockii
ZHUH REVHUYHG 7KH ,6( OLQH UDSLGO\ DWWDLQHG D
KLJK SURSRUWLRQ RI LQIHFWHG FHOOV DQG KHDYLO\
LQIHFWHG FHOO OD\HUV ZRXOG OLIW RII WKH IODVN RU
FRYHUVOLS &RQVHTXHQWO\ LQIHFWLRQ RI ,6( FHOOV
ZDV PDLQWDLQHG E\ WUDQVIHUULQJ LQIHFWHG FHOOV WR
XQLQIHFWHG FHOO OD\HUV ,Q FRQWUDVW WKH R.
peacockiiLQIHFWHG ,'( DQG '$( FHOO OLQHV
FRXOG EH SDVVDJHG LQ D SHUVLVWHQWO\ LQIHFWHG VWDWH
,W ZDV QRW SRVVLEOH WR XQLIRUPO\ LQIHFW WKH FHOO
OD\HUV DQG FXOWXUHV FRQWDLQHG LQIHFWHG FHOOV ZLWK
HVWLPDWHG QXPEHUV RI R. peacockii UDQJLQJ IURP
WZR WR WKUHH EDFWHULD SHU FHOO WR VHYHUDO KXQGUHG
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH Figure 15HVSRQVHRIWLFNFHOOVWRFKDOOHQJHZLWKKHDWNLOOHG),7&ODEHOHG-017 Borrelia burgdorferi&HOOVZHUH
IL[HGDQGVWDLQHGZLWK(YDQ¶VEOXHDQGSKRWRJUDSKHGDW[PDJQLILFDWLRQ&OXVWHUVRIH[WUDFHOOXODUDGKHUHQW
ERUUHOLDHDUHLQGLFDWHGE\DUURZKHDGV1RWHWKHZLWKGUDZQSVHXGRSRGLDDQGERUUHOLDHFRDWLQJWKH,6(FHOO
8QERXQGVSLURFKHWHVFDQEHVHHQLQWKHDUHDVXUURXQGLQJWKH,6(FHOODUURZKHDGZLWKDVWHULVN6FDOHEDUƫP
SHU FHOO 7KH PHDQ SURSRUWLRQ RI LQIHFWHG FHOOV LQ
'$( FXOWXUHV ZDV  UDQJH ±
DQG IRU ,'( FHOOV ZDV  UDQJH
±
Phagocytosis of B. burgdorferi
,6( FHOO OD\HUV LQFXEDWHG ZLWK YLDEOH -017 B.
burgdorferi UHVXVSHQGHG DQG VWDLQHG ZLWK
*LHPVD KDG QXPHURXV EDFWHULD DGKHULQJ WR WKH
FHOO ERG\ DQG SVHXGRSRGLD ZKLOH ,'( DQG
'$( FHOOV KDG GUDPDWLFDOO\ IHZHU DGKHUHQW
VSLURFKHWHV EXW FRQWDLQHG QXPHURXV VSLURFKHWHV
WKDWZHUHFRLOHGLQVLGHYDFXROHVQRWVKRZQ
,'( DQG '$( FHOOV LQFXEDWHG ZLWK KHDWNLOOHG
IOXRUHVFHLQ ),7&ODEHOHG -017 ERUUHOLDH
KN),7&%E FRQWDLQHG QXPHURXV LQWUDFHOOXODU
FRLOHG ERUUHOLDH ZKLOH ,6( FHOOV KDG ODUJH
QXPEHUV RI DGKHUHQW ERUUHOLDH )LJXUH 
&RQIRFDO PLFURVFRS\ ZDV XVHG WR GHPRQVWUDWH WKH
LQWUDFHOOXODU ORFDOL]DWLRQ RI VSLURFKHWHV ZLWKLQ
YDFXROHV QRW VKRZQ DQG LQWUDFHOOXODU
ORFDOL]DWLRQ ZDV FRQILUPHG ZLWK GRXEOH ODEHOLQJ
H[SHULPHQWV XVLQJ ),7&FRQMXJDWHG DQWLERUUHOLD
SRO\FORQDO DQWLERGLHV DQG ᓉ'LDPLGLQR
SKHQ\OLQGROH '$3, )LJXUH  ,Q WKHVH
H[SHULPHQWV H[WUDFHOOXODU VSLURFKHWHV VWDLQHG
ZLWK WKH ),7&FRQMXJDWHG DQWLERGLHV ZKHUHDV WKH
LQWUDFHOOXODU DQG H[WUDFHOOXODU VSLURFKHWHV VWDLQHG
ZLWK '$3, &HOO QXFOHL DOVR VWDLQHG ZLWK '$3,
7KH FRLOHG FRQIRUPDWLRQ RI LQWUDFHOOXODU
VSLURFKHWHV )LJXUH  DUURZ ZDV XVHG DV DQ
LQGLFDWRURISKDJRF\WRVLV
&XOWXUHV ZHUH FKDOOHQJHG ZLWK KN),7&%E RU
OLYLQJ ERUUHOLDH DV GHVFULEHG LQ WKH H[SHULPHQWDO
SURFHGXUHV 5HSOLFDWH FXOWXUHV ZHUH LQFXEDWHG
ZLWK F\WRFKDODVLQ % &% WR LQKLELW SKDJRF\WRVLV
&% WUHDWPHQW GLG QRW YLVLEO\ DIIHFW VSLURFKHWH
PRWLOLW\ RU PRUSKRORJ\ 3KDJRF\WLF FDSDFLW\ ZDV
GHWHUPLQHG E\ FRPSDULQJ WKH QXPEHU RI FHOOV
FRQWDLQLQJ FRLOHG ERUUHOLDH ZLWK WKH QXPEHU RI
FHOOV ZLWKRXW FRLOHG ERUUHOLDH ,QIHFWLRQ E\ R.
peacockii GLG QRW LQIOXHQFH WKH DELOLW\ RI '$( RU
,'( FHOOV WR SKDJRF\WRVH KHDW NLOOHG VSLURFKHWHV
)LJXUH $ &% HIIHFWLYHO\ LQKLELWHG SKDJRF\WRVLV
RI KN),7&%E E\ '$( DQG ,'( FHOOV
'LIIHUHQFHV LQ WKH QXPEHUV RI SKDJRF\WLF FHOOV
EHWZHHQ &%WUHDWHG XQLQIHFWHG DQG LQIHFWHG
,'( FHOOV ZHUH VWDWLVWLFDOO\ VLJQLILFDQW W  
 GI    S   $ JUHDWHU SURSRUWLRQ RI
XQLQIHFWHG DQG R. peacockiiLQIHFWHG ,'( FHOOV
SKDJRF\WRVHG OLYLQJ ERUUHOLDH DQG VLPLODU WR ZKDW
ZDV REVHUYHG IRU ,'( FHOOV LQFXEDWHG ZLWK
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH Figure 23KDJRF\WRVLVRIOLYH Borrelia burgdorferi E\,'(,'(FHOOVZHUHLQFXEDWHGZLWKYLDEOHERUUHOLDHIRU
KRXUVIL[HGDQGWKHH[WHUQDOERUUHOLDHVWDLQHGZLWKD),7&FRQMXJDWHGDQWLERUUHOLDDQWLERG\3KDJRF\WRVLVE\
XQWUHDWHGFHOOVZDVFRPSDUHGZLWKFHOOVWUHDWHGZLWKF\WRFKDODVLQ%DQLQKLELWRURISKDJRF\WRVLV([WHUQDO
PRUSKRORJLFDOO\QRUPDOERUUHOLDHDUHDGKHUHQWWRFHOOVLQWKH),7&SDQHODUURZKHDGVZKLOHH[WHUQDODQGLQWHUQDO
VSLURFKHWHVDQGFHOOQXFOHLFDQEHVHHQLQWKH'$3,SDQHO&RLOHGVSLURFKHWHVDUHVHHQLQVLGHWKHFHOOVDUURZV
6FDOHEDUƫP
Figure 33KDJRF\WRVLVRIERUUHOLDE\'$(DQG,'(FHOOV&HOOOD\HUVZHUHLQFXEDWHGZLWKKN),7&RUYLDEOH
-017ERUUHOLDHIRUKRXUVSULRUWRIL[DWLRQDQGH[DPLQDWLRQ&HOOVFRQWDLQLQJLQWHUQDOL]HGVSLURFKHWHVZLWKD
FRLOHGDSSHDUDQFHZHUHFRQVLGHUHGSKDJRF\WLF3KDJRF\WRVLVRIERUUHOLDE\XQLQIHFWHGFHOOVEODFNEDUVDQG
Rickettsia peacockiiLQIHFWHGFHOOVJUH\ZHUHFRPSDUHGXQLQIHFWHGFHOOVWUHDWHGZLWKF\WRFKDODVLQ%
FURVVKDWFKHGDQG R. peacockiiLQIHFWHGFHOOVWUHDWHGZLWKF\WRFKDODVLQ%ZKLWHFXOWXUHV$VWHULVNVLQGLFDWHG
VWDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFHVEHWZHHQVDPSOHV$3KDJRF\WRVLVRIGHDG Borrelia burgdorferi E\'$(DQG
,'(FHOOV%3KDJRF\WRVLVRIOLYHERUUHOLDHE\'$(DQG,'(FHOOV
KN),7&%E &% DOPRVW FRPSOHWHO\ LQKLELWHG
SKDJRF\WRVLV RI OLYLQJ ERUUHOLDH $ JUHDWHU
SURSRUWLRQ RI '$( FHOOV ZHUH SKDJRF\WLF ZKHQ
FKDOOHQJHG ZLWK YLDEOH ERUUHOLDH )LJXUH %
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH Figure 43KDJRF\WRVLVRIOLYH Borrelia burgdorferi E\XQLQIHFWHGDQG Rickettsia peacockiiLQIHFWHG'$(FHOOV
&RLOHGVSLURFKHWHVDUHVHHQLQVLGHWKHFHOOVDUURZVDQGPRUSKRORJLFDOO\QRUPDOVSLURFKHWHVVWDLQHGZLWK
),7&FRQMXJDWHGSRO\FORQDODQWLERUUHOLDDQWLERGLHVFDQEHVHHQDGKHUHQWWRF\WRFKDODVLQ%WUHDWHGFHOOVEODFN
DUURZKHDGV1RWLFHWKDWPRUSKRORJLFDOO\QRUPDOVSLURFKHWHVZKLWHDUURZKHDGVDQGFRLOHGVSLURFKHWHVDUHDOVR
SUHVHQWLQWKHF\WRFKDODVLQ%WUHDWHGFHOOV R. peacockii DUHLQGLFDWHGE\WKHDUURZKHDGVZLWKDVWHULVNV6FDOHEDU
ƫP
5LFNHWWVLDO LQIHFWLRQ GLG KRZHYHU GLPLQLVK WKH
QXPEHU RI '$( FHOOV FRQWDLQLQJ FRLOHG
VSLURFKHWHV UHODWLYH WR WKH QXPEHU RI XQLQIHFWHG
FHOOV FRQWDLQLQJ FRLOHG VSLURFKHWHV W    GI  
 S   8QH[SHFWHGO\ XQLQIHFWHG DQG R.
peacockiiLQIHFWHG '$( FHOOV WUHDWHG ZLWK &%
FRQWDLQHGFRLOHGVSLURFKHWHV)LJXUH
Phagocytosis of live B. burgdorferi;
elimination of adherent borreliae and
intracellular killing
3UHOLPLQDU\ H[SHULPHQWV VKRZHG .6
VSLURFKHWHV UHWDLQHG *)3 IOXRUHVFHQFH DIWHU
IL[DWLRQ ZLWK  SDUDIRUPDOGHK\GH EXW QRW 
HWKDQRO LQGLFDWLQJ *)3 IOXRUHVFHQFH ZDV ORVW E\
PHPEUDQH SHUPHDELOL]DWLRQ RU GHJUDGDWLRQ RI WKH
*)3 IOXRURSKRUH &RQVHTXHQWO\ ZH XVHG
IOXRUHVFHQFH RI .6 VSLURFKHWHV DV DQ LQGLFDWRU
RI PHPEUDQH LQWHJULW\ DQG EDFWHULDO YLDELOLW\
'HFOLQLQJ QXPEHUV RI FHOOV ZLWK
PRUSKRORJLFDOO\QRUPDO VSLURFKHWHV HOLPLQDWLRQ
RI DGKHUHQW ERUUHOLDH ZDV FRQVLGHUHG DQ
LQGLFDWRU RI SKDJRF\WRVLV 3KDJRF\WRVHG
VSLURFKHWHV ZHUH VHHQ FRLOHG LQ WKH F\WRSODVP DQG
WKRVH UHWDLQLQJ *)3 IOXRUHVFHQFH ZHUH FRQVLGHUHG
LQWDFW 7KRVH WKDW GLG QRW UHWDLQ *)3 IOXRUHVFHQFH
DQG RQO\ VWDLQHG ZLWK '$3, ZHUH FRQVLGHUHG
GHJUDGHG
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661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-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH Figure 5$GKHUHQW*)3H[SUHVVLQJERUUHOLDHDUHLQJHVWHGDQGGHJUDGHGIROORZLQJFRFXOWLYDWLRQZLWK,'(DQG
'$(FHOOV8QLQIHFWHGFHOOVDUHLQGLFDWHGE\VROLGOLQHDQGFORVHGFLUFOHV Rickettsia peacockiiLQIHFWHGFHOOVE\
GDVKHGOLQHDQGRSHQFLUFOHV'LIIHUHQFHVLQWKHQXPEHURIXQLQIHFWHGRU R. peacockiiLQIHFWHGFHOOVZLWKDGKHUHQW
RUSKDJRF\WRVHG*)3UHWHQWLYHERUUHOLDHDUHQRWVWDWLVWLFDOO\VLJQLILFDQWDWDQ\WLPHSRLQW$3HUFHQWRIXQLQIHFWHG
DQG R. peacockiiLQIHFWHG,'(FHOOVZLWKDGKHUHQWERUUHOLDH%3HUFHQWRIXQLQIHFWHGDQG R. peacockiiLQIHFWHG
'$(FHOOVZLWKDGKHUHQWERUUHOLDH&3HUFHQWRIXQLQIHFWHGDQG R. peacockiiLQIHFWHG,'(FRQWDLQLQJ
SKDJRF\WRVHGEXWLQWDFWERUUHOLDH'3HUFHQWRIXQLQIHFWHGDQG R. peacockiiLQIHFWHG'$(FRQWDLQLQJ
SKDJRF\WRVHGEXWLQWDFWERUUHOLDH
6SLURFKHWHV DGKHUHG WR ,6( FHOOV WKURXJKRXW WKH
GD\ VWXG\ SHULRG EXW OHVV WKDQ  RI WKH FHOOV
FRQWDLQHG FRLOHG *)3H[SUHVVLQJ .6 ERUUHOLDH
DW  GD\V SRVW FKDOOHQJH QRW VKRZQ ,Q FRQWUDVW
WKH QXPEHU RI ,'( DQG '$( FHOOV ZLWK
DGKHUHQW ERUUHOLDH GHFOLQHG RYHU WKH VDPH WLPH
SHULRG )LJXUHV $ DQG % ,QIHFWLRQ ZLWK R.
peacockii GLG QRW DSSUHFLDEO\ FKDQJH WKH
SURSRUWLRQ RI FHOOV ZLWK DGKHUHQW VSLURFKHWHV
,'( FHOOV GLG QRW FRPSOHWHO\ HOLPLQDWH DGKHUHQW
ERUUHOLDH DQG    RI XQLQIHFWHG DQG 
  RI R. peacockiiLQIHFWHG FHOOV KDG DGKHUHQW
VSLURFKHWHV VHYHQ GD\V SRVW FKDOOHQJH '$(
FHOOV HOLPLQDWHG VSLURFKHWHV PRUH UDSLGO\ DQG OHVV
WKDQ RQH SHUFHQW RI XQLQIHFWHG RU R.
peacockii-LQIHFWHG '$( FHOOV KDG DGKHUHQW
VSLURFKHWHV ILYH GD\V SRVW FKDOOHQJH 7KH QXPEHU
RI FHOOV FRQWDLQLQJ SKDJRF\WRVHG EXW LQWDFW
ERUUHOLDH GHFUHDVHG RYHU WKH VDPH WLPH SHULRG
)LJXUH & ' ,'( FHOOV GLG QRW GHJUDGH DOO
WKH SKDJRF\WRVHG VSLURFKHWHV RYHU VHYHQ GD\V
DQG    RI XQLQIHFWHG FHOOV DQG   
RI R. peacockii-LQIHFWHG ,'( FHOOV FRQWDLQHG
LQWDFW VSLURFKHWHV '$( FHOOV GHJUDGHG ERUUHOLDH
PRUH HIIHFWLYHO\ WKDQ ,'( FHOOV DQG OHVV WKDQ 
RI XQLQIHFWHG DQG R. peacockiiLQIHFWHG FHOOV
FRQWDLQHG SKDJRF\WRVHG EXW LQWDFW VSLURFKHWHV
DIWHU VHYHQ GD\V /\VR7UDFNHU 5HG /75 VWDLQLQJ
VKRZHG SKDJRF\WRVHG VSLURFKHWHV ZHUH GLJHVWHG
LQDFLGLILHGFRPSDUWPHQWV)LJXUH
Killing and intracellular processing of
phagocytosed GFP-expressing KS20
spirochetes
,QWHUDFWLRQV EHWZHHQ WLFN FHOOV DQG .6 ERUUHOLDH
ZHUH YLVXDOL]HG E\ WLPH ODSVH IOXRUHVFHQFH
PLFURVFRS\ 0RWLOH VSLURFKHWHV ERXQG WR ,'(
DQG '$( FHOOV ORVW QRUPDO VSLURFKHWDO PRELOLW\
DQG DSSHDUHG WR EH FRLOHG XS E\ WKH FHOOV 6RRQ
DIWHU ORVLQJ PRELOLW\ FRLOHG VSLURFKHWHV ZHUH
WUDQVSRUWHG WRZDUGV WKH /75VWDLQHG UHJLRQ RI
WKH FHOO DQG *)3 IOXRUHVFHQFH ZDV ORVW ZLWKLQ WZR
PLQXWHV '$( FHOOV ZHUH PRWLOH DQG UDSLGO\
ERXQG DQG SKDJRF\WRVHG VSLURFKHWHV 9LGHR FOLS
 ,'( FHOOV ZHUH OHVV PRELOH DQG UHTXLUHG
VLJQLILFDQWO\ PRUH WLPH WR LQWHUQDOL]H DQG NLOO
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH Figure 6&RORFDOL]DWLRQRISKDJRF\WRVHG*)3H[SUHVVLQJ.6ERUUHOLDZLWK/\VR7UDFNHU5HGVWDLQHG
SKDJRO\VRVRPHVLQ,'(DQG'$(FHOOV,'(DQG'$(FHOOVZHUHLQFXEDWHGRYHUQLJKWZLWK*)3H[SUHVVLQJ
.6ERUUHOLDHVWDLQHGZLWK/\VR7UDFNHU5HGIL[HGZLWKSDUDIRUPDOGHK\GHDQGFRXQWHUVWDLQHGZLWK'$3,WR
VWDLQWKH'1$RIVSLURFKHWHVDQGFHOOQXFOHL3KDJRF\WRVHGERUUHOLDHDUHLQGLFDWHGE\DUURZV1RWHWKHORVVRI*)3
IOXRUHVFHQFHE\SKDJRF\WRVHGWKHVSLURFKHWHVDUURZVZKHUHDV*)3IOXRUHVFHQFHLVUHWDLQHGE\H[WUDFHOOXODU
VSLURFKHWHVDUURZKHDG6FDOHEDUƫP
VSLURFKHWHV UHODWLYH WR WKH '$( FHOOV 9LGHR FOLS
 $GGLWLRQDOO\ IHZHU ,'( FHOOV ZHUH
SKDJRF\WLF ZKHQ FRPSDUHG WR WKH SURSRUWLRQ RI
SKDJRF\WLF '$( FHOOV :LWKLQ  PLQXWHV
IROORZLQJ FKDOOHQJH   RI  RI ,'( FHOOV
ZHUH REVHUYHG WR SKDJRF\WRVH VSLURFKHWHV
ZKHUHDV   RI  RI '$( FHOOV ZHUH
SKDJRF\WLFDOO\ DFWLYH RYHU WKH VDPH FKDOOHQJH
SHULRG
Discussion
,QWHUDFWLRQV EHWZHHQ DUWKURSRG YHFWRUV
HQGRV\PELRWLF EDFWHULD DQG EDFWHULDO SDWKRJHQV
PD\ KDYH LPSRUWDQW FRQVHTXHQFHV RQ SDWKRJHQ
WUDQVPLVVLRQ DV EDFWHULD WKDW FDQ DYRLG WKH
DUWKURSRG LPPXQH V\VWHP PD\ EH DEOH WR
RYHUFRPH WKH YHUWHEUDWH LPPXQH V\VWHP
:DWHUILHOG HW DO  0DQ\ IDFWRUV XQGHUO\LQJ
YHFWRU FDSDFLW\ LQ WLFNV DUH QRW NQRZQ EXW WKH WLFN
LPPXQH V\VWHP PD\ EH DQ LPSRUWDQW
GHWHUPLQDQW RI ZKLFK EDFWHULD D WLFN PD\ WUDQVPLW
-RKQV HW DO  7KLV K\SRWKHVLV XQGHUVFRUHV
WKH LPSRUWDQFH RI FODULI\LQJ KRZ WLFN
HQGRV\PELRQWV LQWHUDFW ZLWK WKH WLFN LPPXQH
V\VWHP DQG XQGHUVWDQGLQJ KRZ LPPXQH
UHVSRQVHV WR EDFWHULDO SDWKRJHQV GLIIHU EHWZHHQ
YHFWRUDQGQRQYHFWRUWLFNV
'LIIHUHQFHV LQ WKH UHVSRQVH RI WLFNV WR ERUUHOLDH
KDYH EHHQ H[DPLQHG LQ D. variablis D WLFN WKDW
GRHV QRW YHFWRU B. burgdorferi DQG I. scapularis
Video Clip 17KLVYLGHRFDQEHDFFHVVHGDWWKHIROORZLQJ85,KWWSGLJLWDOOLEUDU\ZLVFHGX
Video Clip 27KLVYLGHRFDQEHDFFHVVHGDWWKHIROORZLQJ85,KWWSGLJLWDOOLEUDU\ZLVFHGX
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH D QRUPDO /\PH GLVHDVH YHFWRU -RKQV HW DO 
 IRXQG D. variablis UDSLGO\ HOLPLQDWHG DQG
NLOOHG B. burgdorferi WKDW KDG EHHQ LQRFXODWHG
LQWR WKH KHPRFRHO ,Q FRQWUDVW ERUUHOLDH
LQRFXODWHG LQWR I. scapularis ZHUH HOLPLQDWHG
PXFK PRUH VORZO\ DQG PRUSKRORJLFDOO\ QRUPDO
VSLURFKHWHV FRXOG EH VHHQ DGKHULQJ WR VDOLYDU\
JODQGV DQG RYDULHV  KRXUV SRVW FKDOOHQJH -RKQV
HW DO  :H REVHUYHG D VLPLODU UDQJH RI HYHQWV
in vitro ZKHQ I. scapularis DQG D. andersoni FHOO
OLQHVZHUHFKDOOHQJHGZLWKERUUHOLDH
7KH ,6( OLQH IURP I. scapularis VKRZHG D YHU\
OLPLWHG FHOOXODU UHVSRQVH WR VSLURFKHWDO FKDOOHQJH
+HDW LQDFWLYDWHG DQG YLDEOH ERUUHOLDH DGKHUHG
WLJKWO\ WR VXUIDFHV RI ,6( FHOOV OHDGLQJ WKH FHOOV
WR VKRUWHQ DQG ZLWKGUDZ SVHXGRSRGLD EXW WKLV
ZDV WKH H[WHQW RI WKH ,6( FHOOXODU UHVSRQVH WR
ERUUHOLDH 9HU\ OLWWOH SKDJRF\WRVLV ZDV REVHUYHG
GHVSLWH WKH FORVH FHOOERUUHOLDH DVVRFLDWLRQ DQG WKH
SURSRUWLRQ RI ,6( FHOOV DVVRFLDWHG ZLWK
PRUSKRORJLFDOO\ QRUPDO ERUUHOLDH GLG QRW FKDQJH
RYHU VHYHQ GD\V 7KH WLFN FHOO OLQHV GHVFULEHG LQ
WKLV UHSRUW DUH GHULYHG IURP HPEU\RQLF WLVVXHV
DQG WKH WLVVXH W\SHV UHSUHVHQWHG LQ FXOWXUH DUH QRW
NQRZQ &RLOLQJ SKDJRF\WRVLV LV SHUIRUPHG E\ FHOOV
GHGLFDWHG WR SKDJRF\WHV 5LWWLJ HW DO 
VXJJHVWLQJ HLWKHU WKDW WKH HPEU\RQLF WLVVXH WKLV
OLQH LV GHULYHG IURP ZDV QRW SKDJRF\WLFDOO\
FRPSHWHQW RU WKLV DELOLW\ KDV EHHQ ORVW GXULQJ
FXOWXUH ,6( FXOWXUHV KDYH EHHQ XVHG WR LVRODWH
DQG FXOWLYDWH ERUUHOLDH 2ERQ\R HW DO  DQG
WKHVH GDWD UHLQIRUFH VWXGLHV LQGLFDWLQJ WKDW ,6(
FHOOV GR QRW PRXQW LPPXQH UHVSRQVHV DJDLQVW
ERUUHOLDH
,Q FRQWUDVW WR WKH SHUPLVVLYHQHVV H[KLELWHG E\
,6( OLQH WKH ,'( OLQH IURP I. scapularis DQG
'$( OLQH IURP D. andersoni UHVSRQGHG
DJJUHVVLYHO\ WR FKDOOHQJH ,'( DQG '$( FHOOV
XVHG FRLOLQJ SKDJRF\WRVLV WR LQJHVW KHDW
LQDFWLYDWHG DQG YLDEOH ERUUHOLDH )OXRUHVFHQFH ZDV
ORVW E\ SKDJRF\WRVHG *)3H[SUHVVLQJ VSLURFKHWHV
RQFH WKH\ FRORFDOL]HG ZLWK WKH O\VRVRPHULFK
UHJLRQ LQ ,'( DQG '$( FHOOV VXJJHVWLQJ WKDW
WKH EDFWHULDO PHPEUDQH KDG EHHQ SXQFWXUHG DQG
O\VRVRPDO IDFWRUV GHJUDGHG RU GHQDWXUHG WKH *)3
PROHFXOH /RVV RI IOXRUHVFHQFH RFFXUUHG DW WKH
VDPH UDWH LQ ERWK OLQHV LQGLFDWLQJ WKH
SKDJRO\VRVRPHV RI ,'( DQG '$( FHOOV
FRQWDLQHG VLPLODU HIIHFWRU PROHFXOHV ,'( FHOOV
HOLPLQDWHG DGKHUHQW ERUUHOLDH PRUH VORZO\ WKDQ
'$( FHOOV KRZHYHU DQG UHTXLUHG PRUH WLPH WR
LQJHVW DGKHUHQW VSLURFKHWHV 7LPH ODSVH
PLFURVFRS\ VKRZHG WKDW '$( FHOOV UDSLGO\
UHVSRQGHG WR EDFWHULDO FKDOOHQJH ZLWK LQFUHDVHG
PRWLOLW\ DQG ODUJH H[WHQGHG SVHXGRSRGLD ZKHUHDV
,'( FHOOV SURGXFHG VPDOOHU SVHXGRSRGLD DQG
ZHUHPRUHVHGHQWDU\QRWVKRZQ
$ JUHDWHU SURSRUWLRQ RI FHOOV FKDOOHQJHG ZLWK
YLDEOH ERUUHOLDH FRQWDLQHG FRLOHG VSLURFKHWHV
UHODWLYH WR WKH SURSRUWLRQ RI FHOOV LQFXEDWHG ZLWK
KHDWNLOOHG VSLURFKHWHV $GGLWLRQDOO\
'$3,VWDLQHG FHOOV KDG PRUSKRORJLFDOO\QRUPDO
VSLURFKHWHV WKDW DSSHDUHG WR EH LQVLGH RU
XQGHUQHDWK WKH FHOOV 9LDEOH VSLURFKHWHV PD\ EH
PRUH DWWUDFWLYH WDUJHWV IRU SKDJRF\WRVLV WKDQ
KHDWNLOOHG VSLURFKHWHV DQG D SURSRUWLRQ RI FHOOV
PD\ KDYH EHHQ LQYDGHG E\ YLDEOH VSLURFKHWHV
6SLURFKHWHV FDQ VHHN LQWUDFHOOXODU HQYLURQPHQWV
WR DYRLG DQWLELRWLFV RU DQWLPLFURELDO SHSWLGHV 0D
HW DO  6LQJK DQG *LUVFKLFN  7KH
PHFKDQLVPV E\ ZKLFK ERUUHOLDH SHQHWUDWH FHOOV
DUH XQFOHDU EXW LQWHUDFWLRQ ZLWK WKH DFWLQ
F\WRVNHOHWRQ DSSHDUV WR EH UHTXLUHG IRU LQYDVLRQ
RI PDPPDOLDQ FHOO OLQHV 0D HW DO  .XUWWL HW
DO  REVHUYHG HQGV RI ERUUHOLDH DVVRFLDWHG
ZLWK FODWKULQFRDWHG SLWV RQ WKH VXUIDFH RI
FXOWXUHG Rhipicephalus appendiculatus FHOOV
VXJJHVWLQJ WKDW ERUUHOLDH XVH DFWLQ GHSHQGHQW
SURFHVVHV VXFK DV UHFHSWRUPHGLDWHG HQGRF\WRVLV
WR LQYDGH WLFN FHOOV ,QWHUHVWLQJO\ DFWLQ
GHSRO\PHUL]DWLRQ GLG OLWWOH WR LQKLELW WKH
SURSRUWLRQ RI '$( FHOOV FKDOOHQJHG ZLWK YLDEOH
VSLURFKHWHV WKDW FRQWDLQHG FRLOHG ERUUHOLDH HYHQ
WKRXJK F\WRFKDODVLQ % WUHDWPHQW DOPRVW
FRPSOHWHO\ LQKLELWHG SKDJRF\WRVLV RI GHDG
ERUUHOLDH 6HYHUDO EDFWHULD LQFOXGLQJ
Actinobacillus actinomycetemcomitans DQ DJHQW
RI SHULRGRQWDO GLVHDVH DQG WKH VSLURFKHWH
Leptospira interrogans XVH DFWLQ GHSHQGHQW DQG
DFWLQ LQGHSHQGHQW PLFURWXEXOHEDVHG
PHFKDQLVPV WR LQYDGH PDPPDOLDQ FHOOV  0HULHQ
HW DO  %ULVVHWWH DQG )LYHV7D\ORU 
0H\HU HW DO  B. burgdorferi PD\ EH DEOH WR
H[SORLW VLPLODU PHFKDQLVPV WR LQYDGH WLFN FHOOV
,QYDVLRQ PD\ QRW UHTXLUH D VSHFLILF
UHFHSWRUEDVHG PHFKDQLVP EHFDXVH
GHSRO\PHUL]DWLRQ RI WKH FRUWLFDO DFWLQ
F\WRVNHOHWRQ FRXOG HQDEOH PHFKDQLFDO SHQHWUDWLRQ
RIWKHSODVPDPHPEUDQH
7KHUH LV OLWWOH LQIRUPDWLRQ RQ KRZ HQGRV\PELRQWV
DIIHFW WLFN LPPXQH UHVSRQVHV 7LFN FHOO FXOWXUH FDQ
EH XVHG WR PRGHO RXWFRPHV RI
WLFNHQGRV\PELRQWPLFUREH LPPXQH LQWHUDFWLRQV
WKDW DUH GLIILFXOW WR H[DPLQH LQ SHUVLVWHQWO\
LQIHFWHG WLFNV 6LJQLILFDQW GLIIHUHQFHV ZHUH QRW
REVHUYHG LQ WKH UHVSRQVHV RI XQLQIHFWHG RU
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH LQIHFWHG '$( FHOOV WR KHDW LQDFWLYDWHG ERUUHOLDH
)HZHU R. peacockiiLQIHFWHG '$( FHOOV
SKDJRF\WRVHG YLDEOH ERUUHOLDH WKDQ GLG XQLQIHFWHG
'$( FHOOV '$( FHOOV VXSSRUW KHDY\ ORDGV RI
ULFNHWWVLDH DQG GLPLQLVKHG SKDJRF\WRVLV LQ
LQIHFWHG FHOOV VXJJHVWV WKDW ODUJH SRFNHWV RI
ULFNHWWVLDH SK\VLFDOO\ OLPLW QRUPDO PRWLOLW\ RU
SVHXGRSRG IRUPDWLRQ 5LFNHWWVLDO LQIHFWLRQ GLG
QRW KRZHYHU VLJQLILFDQWO\ LQKLELW WKH UDWH DW
ZKLFK FHOOV FOHDUHG DGKHUHQW ERUUHOLDH RU
GHJUDGHG ERUUHOLDH '$( FHOOV ZHUH KLJKO\
PRWLOH DQG WKH GLPLQLVKHG SKDJRF\WLF FDSDFLW\ RI
KLJKO\ LQIHFWHG FHOOV PD\ EH FRPSHQVDWHG E\
OLJKWO\ LQIHFWHG FHOOV ZLWK JUHDWHU PRWLOLW\
LQJHVWLQJ PRUH ERUUHOLDH ,'( FHOOV VXSSRUWHG
IHZHU ULFNHWWVLDH SHU FHOO WKDQ '$( FHOOV DQG
PD\ EH D EHWWHU PRGHO IRU WKH UHVSRQVH RI OLJKWO\
LQIHFWHG WLVVXHV WR EDFWHULDO FKDOOHQJH R.
peacockii LQIHFWHG ,'( FHOOV ZHUH QRW DIIHFWHG
E\ ULFNHWWVLDO LQIHFWLRQ DQG KDG SKDJRF\WLF
FDSDFLWLHV WKDW ZHUH FRPSDUDEOH WR XQLQIHFWHG
FHOOV 6LPLODU FDSDFLWLHV WR HOLPLQDWH DGKHUHQW
ERUUHOLDH DQG GHJUDGH SKDJRF\WRVHG ERUUHOLDH
ZHUH VHHQ LQ XQLQIHFWHG DQG LQIHFWHG FHOOV
5LFNHWWVLDO SHSWLGRJO\FDQ ZKLFK LV VLPLODU WR
SHSWLGRJO\FDQ IURP RWKHU JUDPQHJDWLYH EDFWHULD
3DQJ DQG :LQNOHU  GLG QRW DFWLYDWH
LPPXQH UHVSRQVHV LQ ,'( FHOOV 0RUHRYHU
ULFNHWWVLDO LQIHFWLRQ GLG QRW LPSDFW WKH DELOLW\ RI
WKHVH FHOOV WR NLOO RU GHJUDGH SKDJRF\WRVHG
ERUUHOLDH VXJJHVWLQJ WKH LQWUDFHOOXODU UHVRXUFHV
XVHG WR PDQDJH ULFNHWWVLDO SRSXODWLRQV GR QRW
LQWHUIHUH ZLWK GHJUDGDWLRQ RI SKDJRF\WRVHG
PLFUREHV
,Q FRQFOXVLRQ GLIIHUHQW UHVSRQVHV WR FKDOOHQJH E\
B. burgdorferi ZHUH QRWHG EHWZHHQ WKH WLFN FHOO
OLQHV DQG ZKHWKHU WKH FHOOV ZHUH LQIHFWHG ZLWK R.
peacockii ,6( FHOOV IURP I. scapularis ZHUH QRW
SKDJRF\WLF IRU ERUUHOLDH 7KH FHOO OLQH ,'( IURP
I. scapularis, DQG '$( IURP D. andersoni,
SKDJRF\WRVHG VSLURFKHWHV DQG GHJUDGHG WKHP LQ
SKDJRO\VRVRPHOLNH YDFXROHV $ ODUJH SURSRUWLRQ
RI '$( FHOOV ZHUH LQYDGHG E\ YLDEOH B.
burgdorferi ,QIHFWLRQ E\ R. peacockii VOLJKWO\
LQKLELWHG SKDJRF\WRVLV RI YLDEOH ERUUHOLDH E\
'$( FHOOV EXW GLG QRW DSSHDU WR DIIHFW
SKDJRF\WRVLV E\ ,'( FHOOV 7KHVH GDWD VXJJHVW
GLIIHUHQFHV LQ YHFWRU FRPSHWHQF\ LQ WLFNV PD\ EH
WLHG WR FHOOXODU UHVSRQVHV IROORZLQJ EDFWHULDO
FKDOOHQJH )XUWKHUPRUH WKH ULFNHWWVLDOLNH
HQGRV\PELRQWV WKDW LQIHFW WLFNV DUH XQOLNHO\ WR
VLJQLILFDQWO\ PRGLI\ FHOOXODU LPPXQH UHVSRQVHV
VXFKDVSKDJRF\WRVLVWREDFWHULDOFKDOOHQJH
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